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Anchoring nuclear physics in QCD

First principles’ calculations of nucleon properties
e program to anchor low energy nuclear physics in QCD
e requires lattice QCD, effective theories and many body nuclear theory

Rochester
St

Known nuclei

Start with the simplest properties, e.g. axial coupling of nucleon
e Fundamental parameter of nuclear physics

Antineutrinos

e Benchmark for ab initio calculations e.q. Edwards et al., PRL 96 (2006) 062001


https://www.bnl.gov/today/body_pics/2017/10/eic_proton_graphic-hr.jpg
https://3c1703fe8d.site.internapcdn.net/newman/gfx/news/2018/nuclearphysi.jpg
http://www.pas.rochester.edu/~cline/Research/Nuclear%20landscape.jpg

Neutron lifetime puzzle

Long-standing tension (until recently?) in measurements of the neutron lifetime
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Story has become more subtle
- This year, PDG dropped beam measurements completely
- Radiative corrections still under investigation
- Matching the (more precise) bottle measurements requires ~ 0.05% precision
- Matching most precise axial coupling measurements requires ~ 0.02% precision

See also Seng et al., PRD 100 (2019) 013001
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Axial coupling from experiment
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Axial coupling from experiment
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tL' Axial coupling from CallLat and friends
First calculation at one percent precision

g2CP = 1.2711(103)*(39)X(15)2(19)V (04) (55)M
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@ Axial coupling from CallLat and friends

Collaboration

High precision enabled by: Bouchard et al,, PRD 96 (2017) 014504
1. Feynman-Hellmann inspired method that exploits exponentially more

precise data at early Euclidean times, with demonstrable control of
excited state contributions PNDME, PRD 94 (2016) 054508
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History of similar ideas

Savage et al., PRL 119 (2017) 062002
Chambers et al., PRD 90 (2014) 014510
Chambers et al., PRD 92 (2015) 114517
Bulava et al.,JHEP 1201 (2012)

De Diviitis et al.,PLB 718 (2012)
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Axial coupling from CallLat and friends

High precision enabled by:

1.

Feynman-Hellmann inspired method that exploits exponentially more
precise data at early Euclidean times, with demonstrable control of
excited state contributions. Bouchard et al., PRD 96 (2017) 014504
Mixed lattice action with: improved stochastic behaviour, very mild
continuum extrapolation and highly suppressed chiral symmetry breaking.
Berkowitz et al., PRD 96 (2017) 054513



Collaboration

High precision enabled by:
3. Access to ensembles (MILC) that allowed control over lattice systematics.

Axial coupling from CallLat and friends

HISQ gauge configuration parameters

valence parameters

val.

abbr. chg VOlun].e [fm] my /ms [MeV] L m-yrs Nsrc LS/a a/ME) b5 Cs a/ml Tsmr Nsmr
aldm310 1960 16°x48 0.15 0.2 310 3.8 24 12 1.3 1.5 0.5 0.01580 4.2 60
albm?220 1000 24°x48 0.15 0.1 220 4.0 12 16 1.3 1.75 075 0.00712 4.5 60
aldm130 1000 32%x48 0.15 0.036 130 3.2 5 24 1.3 2256 1.25 0.00216 4.5 60
al2m310 1053 24°x64 0.12 0.2 310 4.5 8 8 1.2 1.25 0.25 0.01260 3.0 30
al2m220S 1000 24°x64 0.12 0.1 220 3.2 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220 1000 32°x64 0.12 0.1 220 4.3 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220L 1000 40° x64 0.12 0.1 220 5.4 4 12 1.2 1.5 0.5 0.00600 6.0 90
al9m310 784 322 x96  0.09 0.2 310 4.5 8 6 1.1 1.25 0.25 0.00951 7.5 167

Berkowitz et al., 1704.01114



Collaboration

High precision enabled by:
3. Access to ensembles (MILC) that allowed control over lattice systematics

Axial coupling from CallLat and friends

HISQ gauge configuration parameters

~

~ mrs

valence parameters

abbr. Neg  volume o] my [me MoV ~Mrs L| Nsge Lsfa aMs  bs Cs am)™  Oemr  Nomr
* albm400 1000 16%x48 0.15 0.334 400 4.8 8 12 1.3 1.5 05  0.0278 3.0 30
*  aldbm350 1000 16°x48 0.15 0.255 350 4.2 16 12 13 1.5 05  0.0206 3.0 30
aldm3l10 1960 16° x48 0.15 0.2 310 3.8 24 12 1.3 1.5 0.5 0.01580 4.2 60
aldm220 1000 24° x48 0.15 0.1 220 4.0 12 16 1.3 1.7 075 0.00712 4.5 60
aldm130 1000 32%x48 0.15 0.036 130 3.2 H 24 1.3 2256 1.256 0.00216 4.5 60
*  al2m400 1000 24°x64 0.12 0.334 400 5.8 8 8 1.2 1.25 0.25 0.02190 3.0 30
* al2m350 1000 24°x64 0.12 0.255 350 5.1 8 8 1.2 1.25 0.25 0.01660 3.0 30
al2m310 1053 24° x64 0.12 0.2 310 4.5 8 8 1.2 1.25 025 0.01260 3.0 30
al2m220S 1000 24°x64 0.12 0.1 220 3.2 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m?220 1000 32°x64 0.12 0.1 220 4.3 4 12 1.2 1.5 0.5 0.00600 6.0 90
al2m220L 1000 40°x64 0.12 0.1 220 5.4 4 12 1.2 1.5 0.5 0.00600 6.0 90
* al2ml130 1000 48°x64 0.12 0.036 130 3.9 3 20 1.2 2.0 1.0  0.00195 7.0 150
*+ a09m400 1201 32°x64 0.09 0.335 400 5.8 8 6 .1 125 0.25 0.0160 3.5 45
* a09m350 1201 32°x64 0.09 0.255 350 5.1 8 6 1.1 1.25 0.25 0.0121 3.5 45
a09m310 784 322 x 96  0.09 0.2 310 4.5 8 6 1.1 1.25 0.25 0.00951 7.5 167
* a09m?220 1001 48°x96 0.09 0.1 220 4.7 6 8 1.1 1.25 0.25 0.00449 8.0 150

* New calculation

Additional HISQ ensembles generated at LLNL
Chang et al., Nature 558 (2018) 91



Axial coupling from CallLat and friends

High precision enabled by:

1.

Feynman-Hellmann inspired method that exploits exponentially more
precise data at early Euclidean times, with demonstrable control of
excited state contributions. Bouchard et al., PRD 96 (2017) 014504
Mixed lattice action with: improved stochastic behaviour, very mild
continuum extrapolation and highly suppressed chiral symmetry breaking.
Berkowitz et al., PRD 96 (2017) 054513

Access to ensembles (MILC) that allowed control over lattice systematics.
Very fast GPU code linking USQCD chroma software suite through the
highly optimised QUDA library. Joo and Edwards., NPB(PS) 140 (2005) 832

, , Clark et al,, CPC 181 (2010) 1517
Access to leadership class computing.



labora

Axial coupling from CallLat and friends

Worked hard at ensuring stability in fits

model avg

NNLO xPT

NNLO+ct xPT
NLO Taylor €2

NNLO Taylor €2
NLO Taylor e,
NNLO Taylor e,

+0(asa?) disc.
+0(a) disc.

omit FV
NLO FV

2xLO width
2% all widths
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NLO xPT(A)
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Bayes factor

final result

6 fits included in the model
average and their relative
weights

discretisation corrections

finite volume corrections
prior width sensitivity

pion mass cut sensitivity

lattice spacing cut sensitivity

additional XPT analysis
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LB Axial coupling from CallLat and friends

Collaboration

All analysis code and data are available online

github.com/callat-gcd/project_gA

o ® < [l fat = & GitHub, Inc. github.com/callat-gcd/project_gA & i} [m)
‘\ house hunting v  os x server gitit v physicsv pcv travel v LaTeX v cooking v o0s mavericks setup v python v Investing v  useful computer setups v  funny v  Minuit >
New OUG Executive Board... e.Proofing l Meal Train Plus Donations f... Research | walkloud callat-gcd/project_gA: Isov... project_gA/ga_workbook.ip... \ 4
O This repository Pull requests Issues Marketplace Explore
& callat-qcd / project_gA Private © Unwatch~v 2 % Star | 2 Y Fork 0
<> Code Issues 0 Pull requests 0 Projects 0 Wiki Insights Settings

Branch: master v New pull request Create new file  Up!

walkloud final image width tweak?

https://github.com

i+ liranca tvi lIndata liranca tvt

We encourage you to play with the data yourself!

B correlation_functions updated README; moved correlation function data to correlation_functi...
B data added logo's to README

s plots moved plotting scripts to plots folder

8 sample_corr_fit updated README; moved correlation function data to correlation_functi...
B .gitignore loop through models and model average

[E) README.md final image width tweak?

B callat_ga_lib.py added ability to control linspace for plots; created sample fitter to...

[E) ga_workbook.ipynb moved plot scripts to plot folder

Isovector nucleon axial coupling Edit
nuclear-physics python bayesian-methods chiral-perturbation-theory lattice-gauge-theory Manage topics
® 170 commits 1 branch © 1release 22 3 contributors

load files  Find file Clone or download ~

Latest commit 328ff63 7 days ago

23 days ago
7 days ago

2 months ago
23 days ago
7 months ago
7 days ago
26 days ago

27 days ago

2 manthe ann




@ Improving the precision

Collaboration

First calculation at one percent precision

gf;}CD = 1.2711(103)%(39)X(15)*(19)" (04)* (55)M Chang et al., Nature 558 (2018) 91

Uncertainty dominated by statistical precision

More precise data at physical pion statistical 0.81%
mass will improve dominant uncertainties  chiral extrapolation  0.31%
- Statistical (s) %% ¥ 8}??

| _ — 00 1070

Chiral extrapcjaﬂon X) isospin 0.03%

- Model selection (M) model selection 0.43%

total 0.99%



@' Improving the precision

Collaboration

Improvements (mostly on Sierra [Early Science])
- 32 sources on a12m130 lattice (up from 3)
- Generated new a15m135XL lattice (48°x64 vs 323x48)

929 (er,a=0)

ghP¢ = 1.2723(23)

LacD ™ ]
1.35 4 model average ‘ ga~(ex.a=0) 1351 model average
ghPC = 1.2723(23) :
1.30 1

1.25 1

S ‘ B 1§\ = N
1.20 : 1.90-
\
1.15 ZAEZR.: i g:g :m; f : ~ g:: ;2 1.15+ =T BT
o). Lo i =% —— ga(er,a ~0.12 fm) i a~012fm
1.10 galex,a ~ 0.09 fm) #  a~0.09fm 1.10- PRELIMINARY  oalena =000 fm) E e 000
0.00 o.;)s o.|10 o.'15 o.'ao o.lzs o.:'so 000  0.05 010 0.5 020 025  0.30
€x = My /(47 F) €xr = My /(4T F})

ga=1.2711(125) ey 'Y = 1.2641(93)

Anticipate ~0.6% precision by the end of the year using current strategy



@' Improving the precision

Collaboration

Improvements (mostly on Sierra [Early Science])
- 32 sources on a12m130 lattice (up from 3)
- Generated new a15m135XL lattice (48°x64 vs 323x48)
- We are also generating new ensembles at 180 MeV and 260 MeV

N/

| Laco = | g5 (e,,a = 0)
1.35 1 model average Oa" "~ (ens 870 1351 model average ; 4206 — 1 2723(23)
T | §  ghPC =1.2723(23) i
190 = || il 1.30
-
125 - ! %\* -3 1.251 | & =
s S = S R
1.20 1 g 1.20 1
1.15 - ZAEe,.::g.::m ] a:g.::;m 1.151 e T e R
al€x, @~ 0. " a~0.12fm —— ga(er,a ~0.12 fm) i a~012fm
1.10 galex,a~ 0.09 fm) % a~0.09fm 1.101 PRELIMINARY —— ga(ena~0.09 fm) # a~0.09 fm
| 1 - I I | 1 T T T T T T
000 005 040 015 020 025 030 0.00 005 010 015 = 020 025 030
€r = My /(4 F,) €xr = My /(4T F})

ga=12711(125) ooy oG = 12641(93)

Anticipate ~0.6% precision by the end of the year using current strategy



Moving beyond 0.5-0.6% precision will require
- Adding intermediate pion masses

- Fourth lattice spac.ing (~0.06 fm) i;?;slt;iilrapolation 82};2
- Finite volume studies at other masses ~ , _, 0 0.12%
- Directly incorporating isospin breaking 1, — o 0.15%
isospin 0.03%
Isospin and QED corrections... model selection 0.43%
- 0.03% estimate comes from total 0.99%
ambiguity in extrapolation
m . — m o
en= = AmF - et = 4 F o
- corrections from isospin breaking estimated as
O (E:Z . Zgzéi) ~ 0.002% @ (aEM ZZ ;ZZ e§> ~ 0.004%

- neglected EW corrections in experimental result _
Czarnecki et al., 1907.06737

Czarnecki et al., PRL 120 (2018) 202002



tL" Axial form factor

Collaboration

DUNE - future neutrino oscillation experiment
- one goal is determination of the CP-violating phase in the (PMNS) matrix
- sufficient CP-violation could explain matter-antimatter asymmetry

T2K and NOVA are also conducting oscillation experiments

"A determination of the nucleon axial form factor at the 5% level would be very
helpful, possibly allowing for the isolation of nuclear effects”
[private communications with T2K members, Y. Hayato and K. Mcfarland]

Ultimate aim is neutrino-nucleus cross sections

Experimental data on axial form factor is sufficiently limited that a simple
dipole-form factor is usually assumed.



Axial form factor on the lattice

T T T 1.4
1.6} my =1.077(39) GeV Two-state 1.0 ' ' ' Exp. rxs '
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Alexandrou et al.,, PRD 96 (2017) 054507 Gupta et al, PRD 96 (2017) 114503 Ishikawa et al., PRD 98 (2018) 074510
Tension (~30%) between slope determined from lattice QCD and experiment
Unclear where this discrepancy comes from.

Can we apply lessons learned from axial coupling to the form factor?



@' Challenges

nnnnnnnnnnnnn

Central to our approach was the “Feynman-Hellmann propagator”

m/.\m @ =S5ru(yz ZS Y,z )

(1 1

For each choice of current and momentum, a new FH propagator is required

Tried variants of stochastic methods to relax this constraint

Gambhir et al., PoS(LATTICE2018) 126
Resorted to the standard fixed source-sink separation method

O(to)

”"’AM“‘“‘*' [repeat for multiple values of t__ |

Lesson (for us) from our axial coupling calculation: use many values of t_,

See also S. Meinel, Chiral Dynamics 2012 and Hasan et al., PRD 99 (2019) 114505



G First preliminary results

California Lattice
Collaboration
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tL' First preliminary results

Collaboration
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Collaboration

High precision enabled by:

1.

o B~ N

Feynman-Hellmann inspired method
Mixed lattice action

Access to MILC ensembles

Very fast GPU code

Access to leadership class computing

Uncertainty dominated by statistical uncertainty
- focussed on physical mass ensembles
- on course for ~0.6% uncertainty by the end of the year

Focus now on axial form factor

- employ traditional three-point method with wide range of Leep

Summary
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@' Axial coupling from CallLat and friends

Collaboration

Worked hard at ensuring stability in fits

Lattice spacing

1 a?

9 -

€a — VR ()a — a.,zx. + 1)480\,,” + (11;, [(11 V4 TEL + 92(}5(12}
4 w§

Finite volume

or = i En [9()F1(m7rL) + goF3(m, L )] + f3e2 Fy(m, L)
Beane and Savage PRD 70 (2004) 074029
Chiral
Ex — i ga = go + co€2 — €2 (90 + 293) In (62) + gocse
A F; ‘ | T ! " v



California Lattice
Collaboration
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Axial coupllng from Callat and friends

Worked hard at ensuring stability in fits: chiral ﬂts

135 4 NNLO xPT : gk9%D(¢,., a = 0)
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G Axial coupling from Callat and friends
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Worked hard at ensuring stability in fits: chiral expansion convergence
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Collaboration

B Axial coupling from CalLat and friends

Worked hard at ensuring stability in fits: continuum and infinite volume fits
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B Axial coupling from CalLat and friends

Collaboration

Worked hard at ensuring stability in fits: model average
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